To characterize the role of dew water on the ground surface HONO distribution, nitrous acid (HONO) measurements with a MARGA and a LOPAP instrument were 15 performed at the TROPOS research site in Melpitz from 19 to 29 April 2018. The dew water was also collected and analyzed from 8 to 14 May 2019 using a glass sampler. The high-time resolution of HONO measurements showed well-defined diurnal variations that revealed: (i) vehicle emission is a minor source of HONO at the Melpitz station; (ii) heterogeneous conversion of NO2 to HONO on ground surface dominates HONO production at night; (iii) 20 significant nighttime ground surface deposition of HONO with a strength of sink of 0.161±0.122 ppbv h -1 ; (iv) dew water with mean NO2of 7.91±2.14 μg m -2 could serve as a temporary HONO source in the morning when the dew droplets evaporate. The nocturnal observations of HONO and NO2 allowed direct evaluation of the ground uptake coefficients for these species at night: γNO2→HONO = 1.4×10 -6 to 1.5×10 -5 , γHONO,ground = 5.6 to 19.5. A 25 chemical model demonstrated that HONO deposition to the ground surface at night was 90-100% of the calculated unknown HONO source in the morning. These results suggest that dew water on the ground surface was controlling the temporal HONO distribution rather than straightforward NO2-HONO conversion. This can strongly enhance the OH reactivity throughout morning time or other planted areas that provide large amount of ground surface 30 based on the OH production rate calculation.
Introduction

35
Nitrous acid (HONO) plays an important role in the atmospheric chemistry as its photolysis (reaction 1, all the reaction equations regarding on HONO sink and source were provided in Table S1 ) is proposed to be an important source of OH radicals. In the troposphere, OH radicals can initiate daytime photochemistry, leading to the formation of ozone (O3) and secondary organic aerosol (SOA) . 40
At present, the mechanisms of HONO formation have been and are still widely discussed.
In the absence of light, heterogeneous reactions of NO2 occur on wet surfaces (reaction 2) and is considered to be an important source of HONO according to both laboratory studies and field observations (Acker et al., 2004) . Finlayson-Pitts et al. (2003) proposed a mechanism (reaction 2a) involving the formation of the NO2 dimer (N2O4) especially during nighttime.
the anions and cations. The Metrosep A Supp 10 (75/4.0) column and Metrosep C4 (100/4.0) column were used to separate anions and cations, respectively. Lithium bromide was used as the internal standard. The gas and particle samples are both collected in the course of one hour.
LOPAP instrument 130
The LOPAP employed in this work was described in previous studies; (Bernard et al., 2016; Heland et al., 2001) only brief description is given here. The LOPAP instrument consists of two sections: a sampling unit and a detection unit. The sampling unit was composed of two glass coils in series where the first coil (channel 1) accounted for HONO with interferences and the second coil (channel 2) only interferences assuming that more than 99 % of HONO 135 was absorbed into acidic stripping solution (R1) to form diazonium salt in channel 1. This salt reacts with solution R2 (0.8mM n-(1-naphthyl)ethylenediamine-dihydrochloride) to produce final azo dye, which is photometrically detected by long path absorption in a special Teflon tubing. Automatic air zero measurements were performed for 30 min per 12 h measurements to correct for zero drifts. The temperature of the stripping coil was kept constant at 25 °C by a 140 thermostat.
To investigate the possible sampling inlet and denuder artefacts of the MARGA, two https://doi.org/10.5194/acp-2019-1088 Preprint. Discussion started: 30 January 2020 c Author(s) 2020. CC BY 4.0 License. different positions were settled for LOPAP during the measurement period (explained in SI):
M1, sampling unit of LOPAP was connected to the inlet of WRD in the back of the 2 m sampling tube and the PM10 inlet of MARGA as shown in Figure S1a (18 April 2018 13:00 145 UTC -20 April 2018 08:00 UTC); M2 the sampling unit of LOPAP was settled in the same level as the sampling head of MARGA ( Figure S1b ) (20 t April 2018 15:00 UTC -29 April 2018 07:00 UTC).
Dew water collecting and analysis
To evaluate the HONO emission from the dew water in the morning, the dew water was 150 collected and analyzed one year later on 8, 11, 13 and 14 May 2019. Similar conditions (grass height, dew formation and day length) were observed to improve the evaluation. For dew sampling, a glass sampler was used (as shown in Figure S2 ): two 1.5 m 2 glass plates were placed 40 cm above the ground with a tilt angle of approximately 10°. A gutter was installed at the lower end of each plates to collect the running down water. The water is trapped in 500 155 ml bottles. The dew samplers were prepared each evening before a likely dew event occurred (low dew point difference, clear sky and low winds). Each plate was rinsed with at least 2 L ultrapure water. A squeegee removed the excess water. Afterwards, the plates were cleaned with ethanol and were again rinsed by 2 L ultrapure water. The plate was splashed with ultrapure water and squeegeed six times and the gutter was cleaned. The sample of the sixth 160 splash was collected as blank.
The dew water normally was collected from 18:00 to 5:00 (UTC). In the morning, the excess dew on the plate was squeegeed. To achieve the volume of dew (Vdew), the bottles were weighted before and after sampling by a balance. The pH was measured by a pH meter (mod.
Lab 850, Schott Instruments). After sampling, the aqueous solutions were filtered and stored 165 in a fridge. Within six hours, the HONO analyses of the dew and blank samples were performed by double-injection in the MARGA in the manual measurement mode as HONO may volatilize between sampling and analysis. For the other ions (Cl -, NO3 -, SO4 2-, Oxalate, Br -,F -, Formate, MSA , PO4 3-, Na + , NH4 + , K + and Mg 2+ , Ca 2+ ), the samples were analyzed with laboratory ion chromatogram systems (mod. ICS-3000, Dionex, USA). Blanks from 170 water, the filter, the syringes and bottles were subtracted.
Aerosol measurements
The particle size distributions were measured in the size range from 5 nm to 10 µm employing by a Dual Mobility Particle Size Spectrometer (TROPOS-type D-MPSS) (Birmili et al., 1999) and an Aerodynamic Particle Size Spectrometer (APSS model 3321, TSI Inc., 175 Shoreview, MN, USA). For the particle number size distribution measurements, the aerosol is sampled through a low flow PM10 inlet and dried in an automatic diffusion dryer (Tuch et al., https://doi.org/10.5194/acp-2019-1088 Preprint. Discussion started: 30 January 2020 c Author(s) 2020. CC BY 4.0 License. 6 2009). The measurements and quality assurance are done following the recommendations given in Wiedensohler et al. (2012) and Wiedensohler et al. (2018) . The MPSS derived particle number size distribution was inverted by the algorithm described in Pfeifer et al. 180 (2014) , following the bipolar charge distribution of Wiedensohler (1988) .
Other measurements
Trace gases of NO-NO2-NOx, SO2 and O3 were measured by NOx analyzer (Thermo Model 42i-TL, Waltham, Massachusetts, USA), SO2 analyzer APSA-360A and O3 analyzer APOA 350 E (both Horiba, Kyoto, Japan) with a time resolutions of 1 min. It should be noted that 185 NO2 was converted to NO within the NOx analyzer by a blue light converter BLC2 (Meteorologie Consult GmbH, Königstein, Germany). The provider for replacement of the Mo-Converter in the 42i-TL analyzer was MLU Messtechnik GmbH, Essen Germany.
Meteorological parameters like temperature (T), precipitation, relative humidity (RH) as well as wind velocity and direction were measured by PT1000, a rain gauge (R.M. Young 190 Company, U.S.A.), the CS215 sensor (SensirionAG, Switzerland) and a WindSonic by Gill Instruments (UK), respectively. Global radiation and barometric pressure were recorded by a net radiometer CNR1 (Kipp&Zonen, The Netherlands) and a digital barometer (Vaisala, Germany), respectively.
Calculation of photolysis rate 195
Off-line NCAR Tropospheric Ultraviolet and Visible (TUV) transfer model (https://www2.acom.ucar.edu/modeling/tropospheric-ultraviolet-and-visible-tuv-radiation-mo del) was used to estimate the photolysis rate of HONO (JHONO), NO2 (JNO2) and production rate of O 1 D (JO1D) at the Melpitz station. Aerosol optical depth (AOD), total vertical ozone column, total NO2 column, total cloud optical depth and surface reflectivity (Albedo) were 200 taken from the NASA webpage for the period of measurement (https://neo.sci.gsfc.nasa.gov/blog/). system with another off-line batch denuder setup. The correlation was weak and the scatter large that is in agreement with the literature (Acker et al., 2004; Genfa et al., 2003) . A possible reason was suggested by Genfa et al. (2003) in the use of different pH for the absorber solutions but this was not the case for the MARGA comparison with the batch denuder. More 215 likely, is the different analysis time after sampling regarding on-line MARGA compared to off-line batch denuder. The evaporation of solved HONO from the off-line sample and heterogeneous reactions of NO2 and H2O as well as NO2 and SO2 in water described by Spindler et al. (2003) could explain the artefacts in the denuder solution (Kleffmann and Wiesen, 2008) . Additional artefacts due to the long MARGA inlet system should be taken into 220 account. Figure 3 show an overview of the measured HONO, NO, NO2, O3, PM1.0, PM2.5, PM10, meteorological parameters, water-soluble ions in PM10 (NO3 -, SO4 2-, NH4 + , Na + , K + , Mg 2+ , Ca 2+ ) and their corresponding trace gases (HONO, HNO3, SO2, NH3) in the present 225 study. The daytime (D, 04:00-18:00, UTC) and nighttime (N, 18:00-04:00) averages were also provided in Table 1 . During the two weeks measurement, the prevailing winds were from the southwest and northwest sectors, indicating a possible influence of city emission from Leipzig, Germany, on the site. However, the strong wind (maximum 13 m s -1 ) lead to a low PM concentration with low concentration of water-soluble ions in PM10 (NO3 -, SO4 2-, NH4 + ) and 230 their corresponding trace gases (HNO3, SO2, NH3) during the period 24-29 April 2018. The air temperature ranged from 5 °C to 27 °C and the RH showed a clear variation pattern with higher levels during the night and lower levels during daytime. During the campaign, good air quality was observed with daily averaged PM2.5 concentration of 15±4 μg m -3 . In addition, low concentrations of NO and NO2 with a diurnal average of 0.9±1.2 ppbv and 3.7±2.2 ppbv, 235 respectively, were recorded. These observations highlight the nature of our measurement site as a typical background environment. The HONO concentration from the LOPAP measurements varied from 30 pptv to 1582 pptv and showed diurnal variations (with an average of 162±96 pptv and 254±114 pptv during daytime and nighttime, respectively) except for one case event, which will be discussed in the following section. [OH]=A*Rad (Eq. 1)
General results
Figure 2 and
with Rad being global solar irradiance in W m −2 and [OH] is the hydroxyl radical concentration. The proportionality parameter A is 6110 m 2 W -1 cm -3 . On the basis of such a 245 correlation, we derived the OH concentration during the period of this field measurement, with an average of (2.8±0.7)×10 6 and (9.5±2.1)×10 3 during daytime and nighttime, https://doi.org/10.5194/acp-2019-1088 Preprint. Discussion started: 30 January 2020 c Author(s) 2020. CC BY 4.0 License. respectively.
Diurnal variation of HONO, particles and trace gas species
The diurnal profiles of HONO and related supporting parameters are shown in Figure 4 for 250 the whole period except for two case events: no HONO peak in the morning of 23 April and HONO peak observed at 0:00-2:00 (UTC) of 25 April ( Figure 5 ). Overall, the HONO increased fast after the sunrise and peaked at 7:00 (UTC), which then dropped rapidly and reached a minimum at around 10:00 (UTC) and kept until 17:00 (UTC). This phenomenon has been reported for Melpitz (4-14 April, 2008) by Acker et al. (2004) , who expected that the 255 storage of HONO on wet surfaces can be a source for observed daytime HONO. Such daytime pattern was also found in Spain, for a site surround by forests and sandy soils (Sörgel et al., 2011) . Sörgel et al. (2011) explained this by local emissions which were trapped in the stable boundary layer before its breakup of the inversion in the morning based on a similar diurnal cycle for NO and NO2, which is different with this work. In this work, the NO2 260 concentration decreased from the midnight until noon and NO peaked at 5:00 (UTC) then kept low concentrated (<1 ppbv) for 18 hours of one day. However, the diurnal variation trend of HONO during daytime was similar to that of HNO3 and NH3 in the gas phase as well as NO3and NH4 + in PM10. This induced the explanation by the photolysis of adsorbed HNO3 and NO3 − (Zhou et al., 2011b; Zhou et al., 2003; Ye et al., 2016) and homogeneous nucleation 265 of NO2, H2O and NH3 (Zhang and Tao, 2010b) . It was observed that dew was formed overnight during the campaign. Gaseous HONO could be deposited in these droplets. Due to evaporation after sunrise, HONO is reemitted in the atmosphere and lead to higher concentrations. This will be further discussed in Section 4. Figure 4a and 4b, the HONO and NO2 concentrations started to increase 270 coincidentally at 16:00 (UTC) when the sunshine was weak. This was explained by the heterogeneous conversion of NO2 to HONO during nighttime and will be discussed in Section 4. However, the HONO concentration then decreased from 21:00 (UTC) to around 100 pptv even though the NO2 concentration kept constant around 5-6 ppbv. This decrease during nighttime indicates the HONO loss process (dry and wet deposition, trapped in the boundary 275 layer or dew etc.) surpassing the NO2-to-HONO frequency. The diurnal cycle of O3 reflects the balance between the photochemical formation of O3 (e.g. NO2 + hv) and O3 consumption (e.g. ozonolysis of terpenes).
As shown in
However, as illustrated in Figure 5 , two case events were observed during the measurement period: (1) the HONO peak was not observed in the morning of 23 rd April, 2018 280 without the parallel peak of gas-phase NO and NH3 as well as NO3and NH4 + in PM10; (2) due to the increase of wind speed, the HONO concentration climbed to 1.2 ppbv at around 0:00 (UTC) on 25 April 2018 and then decreased to 0.2 ppbv in one hour with the concurrent https://doi.org/10.5194/acp-2019-1088 Preprint. Discussion started: 30 January 2020 c Author(s) 2020. CC BY 4.0 License. increase of O3.
HONO in the dew water 285
Dew water formation on canopy surfaces might be slightly acidic due to acid contribution from acidic aerosols (such as NH4HSO4) and could be an efficient removal pathway of water soluble pollutants. High solubility of HONO makes dew water an efficient sink and a stable reservoir for atmospheric HONO. Actually, a lot of dew water has been observed on the grass around the Melpitz station during the sampling period of 19 to 29 April 2018. Hence, to 290 investigate the dissolved HONO in the dew water of Melpitz station, the dew water was collected and analyzed from 8 to 14 May 2019 at the same season like the HONO measurements. Many ions e.g. NO2 -, Cl -, NO3 -, SO4 2-, Oxalate, Br -, F -, Formate, MSA, PO4 3-, Na + , NH4 + , K + and Mg 2+ , Ca 2+ were analyzed using MARGA and laboratory IC, but our discussion only concern on NO2 -. The sample parameters (time, pH etc.) and NO2 -295 concentration in the sample (μg L -1 ) were shown in Table 2 . The pH of dew water in Melpitz ranged from 6.30 to 7.00. It should be noted that the dew water was frozen until 1 hour after sunrise on 8, 13, 14 May 2019 but not on 11 May 2019. At this day, a third sample was collected sampled from 3:30 to 5:20 (UTC). The NO2concentration per m 2 of the sampler surface (FNO2-) was calculated from the following equation: 300
Where [NO2 -] is the sample concentration in μg L -1 , Vdew is the sample volume in ml, 1.5 m 2 is the surface area of the glass sampler. As shown in Table 2 , higher FNO2-was obtained on 11
May than on other days that were characterized by frozen dew water, which inhibited HONO to dissolve. Then final FNO2could be obtained by averaging FNO2of the sum of the first and 305 third sample with the second sample on 11 May resulting in 7.91±2.14 μg m -2 . This value will be used for the following calculation and discussion.
Discussion
Contribution of vehicle emissions
Since Melpitz site is close to a main national road from Leipzig to Torgau (Germany) that is 310 within the main southwest wind direction, the contribution of vehicle emissions to the measured HONO concentrations should be evaluated. In generally, the HONO/NOx ratio was usually chosen to derive the emission factor of HONO in the freshly emitted plumes and the following five criteria were followed to select the cases: As illustrated in Figure S3 , NOx concentrations were lower than 15 ppbv and NO/NOx ratio 320 were lower than 0.8 (~0.4 in this campaign), suggesting the detected air is a mixture of fresh and aged air during the measurement period. Therefore, a substantial part of HONO is secondary. Additionally, the bad correlation between HONO and NOx (R 2 ≈ 0.35) suggests that the direct HONO emission from the vehicle emitted plumes were less important in this work and, hence, be ignored in the following analysis. 325
Nighttime HONO
The nighttime HONO is different to some reported literatures (Li et al., 2012; Xianliang et al., 2007; Huang et al., 2017; Wang et al., 2017) . HONO increased after sunset to a maximum at 21:00 (UTC) and decreased until sunrise. The OH concentration of (9.5±2.1)×10 3 molecule cm -3 (Table 1) together with NO mixing ratios during nighttime were used to 330 estimate the net HONO production following Eq. 3 with + = ~8.5 ×10 -5 ppbv h -1 . This extremely low value compared to other studies (Wong et al., 2011; Li et al., 2012) suggested that the contribution of gas-phase reaction of OH+NO to the nighttime HONO formation was negligible.
Formation through heterogeneous conversion of NO2
The ratio of [HONO]/[NO2] was generally used as an index to estimate the efficiency of heterogeneous NO2-HONO conversion because it is less influenced by transport processes than individual concentrations. However, the ratio might be influenced when a large fraction of HONO is emitted from the traffic but this is expected to be less important as shown in 340 section 4.1. Six cases as listed in Table 3 were is shown in the correlations plot ( Figure 6 ) that shows also the dependence of the 355
[HONO]/[NO2] ratios on the RH. As higher HONO concentration is usually found at higher RH level, the nighttime HONO formation is caused by reaction 2 (heterogeneous conversion of NO2 to HONO). The ratio of [HONO]/[NO2] during the Melpitz campaign ranged from 0.01 (1%) to <0.3 (30%) with mean value of 0.113±0.044. This mean values are within the wide range of reported values 0.008-0.13 in the fresh air masses from the most sampling sites 360 (Alicke et al., 2002; Alicke et al., 2003; Xianliang et al., 2007; Su et al., 2008; Sörgel et al., 2011; Wang et al., 2017) except for the study of Yu et al. (2009) , who got a high value as 0.3.
However, to our best knowledge, this work presents also a high NO2-to-HONO conversion frequency khet of 0.027±0.017 h -1 compared with most of the previous studies at urban sites, such as Wang et al. (2013) in Shanghai (0.007 h -1 ), Alicke et al. (2002) in Milan (0.014 h -1 ), 365 Wang et al. (2017) in Beijing (0.008 h -1 ) and Huang et al. (2017) in Xi'an (0.0091 h -1 ).
However, our value is comparable to Li et al. (2012) 
Relative importance of particle and ground surface in nocturnal HONO production
The particle surface density Sa was calculated from the particle size distribution ( Figure S5 ) ranged from 5 nm to 10 μm of APSS and D-MPSS data by assuming the particle are in spherical shape. The particle surface density Sa was further corrected with a hygroscopic 375 factor ƒ(RH) following the method of Li et al. (2012) . Figure S6 However, regarding to the weak correlation of [HONO]/[NO2] with Sa (R 2 =0.208), relative amount of HONO formed on particle surfaces might be small.
The formation of HONO through heterogeneous NO2 conversion on particle surfaces (Sa) can be approximated following the recommendations in Li et al. (2010) :
where υNO2 is the mean molecular velocity of NO2 (370 m s -1 ) (Ammann et al., 1998) ; Sa/V is the particle surface to volume ratio (m -1 ) representing the surfaces available for heterogeneous https://doi.org/10.5194/acp-2019-1088 Preprint. Discussion started: 30 January 2020 c Author(s) 2020. CC BY 4.0 License. reaction, and γNO2→HONO_a is the uptake coefficient of NO2 at the particle surface. If the entire HONO formation was taking place on the particle surface, the calculated γNO2→HONO_a varied from 5.6×10 -16 to 5.5×10 -15 with a mean value of 2.1±1.2 ×10 -15 . This extremely low value is 390 in agreement with uptake coefficients of approximately 10 -9 reported by Ndour et al. (2008) , on all mineral solid surfaces without irradiation. Hence, this work concludes that, as previously reported (Wong et al., 2011; Sörgel et al., 2011; Kalberer et al., 1999) , the HONO formation through heterogeneous NO2 conversion on particle surfaces needs to be regarded as non-significant. 395
As illustrated above, the heterogeneous NO2 conversion on ground surfaces (including surfaces such as plants, building, soils etc.) contributes mainly to nighttime formation of HONO, which can be approximated by:
where γNO2→HONO_g is the uptake coefficient of NO2 at the ground surface, Sg/V represents the 400 ground surface to volume ratio. As described by Zhang et al. (2016) , the leaf area index (LAI, m 2 /m 2 ) was used to estimate the surface to volume ratio for the vegetation-covered areas, following the method in Sarwar et al. (2008) 
Where H is the mixing layer height, taken from the study of Altstädter et al. (2018) , who 405 identified a heterogeneous lower atmospheric structure with the ceilometer data and observed a depth of less than 600 m from midnight until around 07:00 UTC in April 2014. LAI is multiplied by a factor of 2 to take the areas on both sides of the leaves into account. LAI is around 4 to 10 for grassland values. In Wohlfahrt et al. (2001) , the LAI for meadows with different heights are given. Regarding the height (~30 cm) in April 2018, we add a factor of 6. 410
If the entire HONO formation was taking place on the ground surface, the calculated γNO2→HONO_g varied from 1.4×10 -6 to 1.5×10 -5 with a mean value of 7.1±4.4 ×10 -6 . This value agrees well with the reported range of γNO2→HONO from 10 -6 to 10 -5 on the ground surface based on the laboratory studies Kleffmann et al., 1998) and field campaign in Colorado, USA (VandenBoer et al., 2013) . It should be noted that the obtained 415 NO2 uptake coefficient on the ground surface is larger than the reactive surface provided by aerosols, suggesting that the heterogeneous reactions of NO2 on ground surface may play a dominant role for the nighttime HONO formation.
HONO deposition on the ground surface
As illustrated in Figure 4a and S4, between midnight and sunrise (22:00-4:00 UTC), the 420 deposition of HONO becomes increasingly important as the absolute amount of HONO decreased. Assuming a constant conversion frequency of NO2-to-HONO, khet, the HONO https://doi.org/10.5194/acp-2019-1088 Preprint. Discussion started: 30 January 2020 c Author(s) 2020. CC BY 4.0 License. deposition rate (LHONO) can be roughly estimated by:
The strength of the HONO sink during night is average 0.161±0.122 ppbv h -1 and ranged from 425 0.041 to 0.447 ppbv h -1 . This value is higher than reported in the literature (Li et al., 2012) in the range of 0.06-0.11 ppbv h -1 . By integrating LHONO from 22:00 to 4:00 (UTC), an accumulated HONO deposition on the ground surface of 966±732 pptv can be derived. Where γHONO,ground is the HONO uptake coefficient on the ground surface, υ HONO,ground is the HONO deposition velocity and is 3.35 cm s -1 taken from the work of Spindler et al. (1999) 450 at Melpitz within the nighttime H of 600 m. This approach yielded to a γHONO,ground uptake coefficient in the range of 5.6 to 19.5, which is several orders higher than data found in Boulder, Colorado, ranging from 2×10 -5 to 2×10 -4 (VandenBoer et al., 2013) . As observed by several studies (He et al., 2006; Rubio et al., 2009; Wentworth et al., 2016) , the effective Henry's law solubility of HONO is highly pH-dependent (from borderline soluble at pH = 3 455 to highly soluble at pH ≥ 6), as would be expected for a weak acid. The Melpitz station is surrounded by grass land and tilled earth, the pH of collected dew water during nighttime in May 2019 was 6.3-7.0 (Table 2) , where the effective Henry's law solubility of HONO would https://doi.org/10.5194/acp-2019-1088 Preprint. Discussion started: 30 January 2020 c Author(s) 2020. CC BY 4.0 License. be high. Furthermore, the amount of HONO in this dew water was quantified using MARGA and ranged between 41.87 and 164.62 mg L -1 , which is higher than NO2in Santiago's dew 460 waters (Rubio et al., 2009 ).
Daytime HONO
HONO concentrations started to increase after sunrise and peaked at 7:00 (UTC) (Figure 4 ), during that time it also underwent photolysis, eventually reaching a steady state between 10:30-16:30 (UTC). Throughout the day, HONO was observed above an averaged minimum 465 mixing ratio of 98±15 pptv (10:30-16:30 UTC) with the maximum mixing ratio of 1400±100 pptv. Since NO and NO2 have not the same diurnal cycle as HONO (Figure 4 ), the reactions (2) and (3) are not expected to be responsible for this HONO morning peak, but could be the main HONO source for period of 10:30-16:30 (UTC). It should be noted that gaseous NH3, HNO3 and particulate NH4 + , NO3also present the same trend like HONO as shown in Figure  470 4. Hence, two hypotheses would be proposed to explain the observed diurnal variations. The first is that dew droplets on ground surfaces serve as a sink of HONO during the night and become a morning source by releasing the trapped HONO back into ambient air, and the second are photochemical processes such as reactions (6) and (8).
Photostationary state in the gas phase 475
The measured diurnal daytime HONO could be compared to model results by assuming an instantaneous photo-equilibrium between the gas-phase formation (reaction 3 in Table S1 ) and gas-phase loss processes (reactions 1 and 10 in Table S1), which is described by the following expression (Kleffmann et al., 2005) :
OH concentration was estimated from linear function of the global radiation flux vs. OH radical concentration as described in the previous section and shown in Figure 8b , JHONO was calculated using TUV model as described in section 2.6. The rate constants of NO+OH (k3) and HONO+OH (k10) are referred to 7.4×10 -12 cm 3 molecule -1 s -1 (Burkholder et al., 2015) and 6.0×10 -12 cm 3 molecule -1 s -1 (Atkinson et al., 2004) , respectively. As a result, shown in Figure  485 8b, the [HONO]pss (violet curve) could not explain the sudden HONO increase after sunrise but indicates a HONO peak around 4:40 (UTC) according to the relatively high NO concentration. However, some studies (Michoud et al., 2012; Sörgel et al., 2011) Figure 8a . The results are shown in Figure 8b (orange line). It is reasonable to indicate that the reaction (3) A quite low additional source of (8±4)×10 -9 ppbv h -1 was derived beside OH reaction with 500 NO.
Evidence for nighttime deposited HONO as a morning source
As observed in our field measurement and shown in Figure 2 , the HONO always presented a strong increase from 4:00 -7:00 (UTC). Which induces two hypotheses: (1) photolysis of gas-phase and particulate nitrate, (2) dew on ground surfaces served as HONO sink during the 505 night and become a morning source by releasing the trapped nitrite back into ambient air.
To identify this HONO source, the chemical box model as expressed in equation 10 with additional processes was extended. Heterogeneous reaction of NO2 on the wet surface (reaction 2 in Table S1 ) and HONO deposition on the ground surface were firstly used to quantify the contributions of the well-known HONO production and loss processes. In 510 addition, the HONO deposition on the ground surface independent on RH (24 hours, named
Model 2) and its dependence on RH (nighttime 17:00-8:00, named Model 3) were also discussed. Where the gas-phase HNO3 and particle NO3were summed together and the photolysis frequency JHNO3 was derived from the TUV model. As a result, the photolysis of HNO3/NO3 -530 (Model 4, pink line) could not reproduce the HONO morning peak shown in Figure 8 . This favors the second hypothesis that dew evaporation processes release HONO resulting in the sudden morning peak.
Indeed, as shown in Figure S7 , the HONO morning peak always happens according to a fast decrease of RH between 4:30-9:00 (UTC). However, there is one case happened at 1:00 535 (UTC) on 25 April 2018, possibly due to an upcoming strong wind which decreased the RH and evaporated the dew water on the ground surface. It should be noted that this HONO morning peak was never observed during this field measurement period without a fast RH decrease, in case of rain or dry ground surface as it was observed during the morning of 23 where HONOunknown = HONOmeasure -HONOModel4 was calculated for each day in the whole campaign period. Then kemission could be obtained from the linear least square analysis of 99.5− vs. the internal time of HONO morning peak (4:30-7:00, UTC) as shown in 545 Figure S8 . Then the maximum and minimum of kemission were obtained as 0.026±0.008 and 0.006±0.001 pptv % -1 s -1 , respectively, with an average of 0.016±0.014 pptv % -1 s -1 as presented in Table 4 . This value was used in the following model calculation to reproduce the diurnal cycle of HONO. 
16)
The Model 5 (red line) result in Figure 8 shows that HONO deposited to the ground surface at night was at least 90% and likely in excess of 100% of the calculated unknown HONO morning peak, which may continually serve as HONO source for the whole daytime 555 depending on the weather condition, for example at cloudy days. These model calculations estimate that ~855±427 pptv of HONO could be released to the atmosphere from the dew evaporation during the period of 4:30-7:00 (UTC). This value is in good agreement with the HONO deposition on the ground surface of 966±732 pptv presented in section 4.2.3. https://doi.org/10.5194/acp-2019-1088 Preprint. Discussion started: 30 January 2020 c Author(s) 2020. CC BY 4.0 License.
HONO gradient from dew water evaporation in the morning 560
The morning HONO gradient (pptv) due to the dew water evaporation could be estimated from the following equation:
FNO2is the NO2concentration per m 2 of the glass sampler surface. During the HONO peak at 6 or 7 UTC, the mixing height was 175-600 m explored by meteorological data (GDAS-data) 565 and the mixing height ranged from 20 m to 200 m at 0:00 -5:00 UTC. Regarding the grass height during the dew measurements (~30cm) that is approximately the height in April 2018
and May 2019, we add a factor of 6 for LAI. Hence, the morning HONO gradient was shown in Figure S9 and results in 2264.1±612.3, 1132.1±306.2, 452.8±122.5, 226.4±61.2 and 75.5±20.4 pptv, respectively, for a mixing height of 20, 40, 100, 200 and 600 m using the 570 mean FNO2-from 11 May 2019 for the calculation. It shows that the HONO mixing ratio within 40 m mixing height is similar with the measured HONO morning peak of 1400±100 pptv (section 4.3), which was able to detect by MARGA and LOPAP as both inlets were within this layer.
Indeed, few field studies (He et al., 2006; Rubio et al., 2009; Rubio et al., 2012) have 575 reported that dew water can serve as a sink and a temporary reservoir of atmospheric HONO, but also for phenol, nitrophenols and HCHO. As shown in Figure 4 , the simultaneous morning peak of NH3 and HNO3 suggest that the dew water also serves as a sink and a temporary reservoir of atmospheric NH3 and HNO3. In addition, our dew water collection and analysis found that there were 39.6-173.2 and 60.4-202.7 μg m -2 in the dew samples for NH3 and 580 HNO3, respectively. However, more research on these compounds is needed. Consistently, the role of dew as a nighttime reservoir and morning source for atmospheric NH3 has been reported by Wentworth et al. (2016) . These results suggest that nocturnally deposited HONO forms a ground surface reservoir, which can be released in the following morning by dew evaporation. Therefore, a significant fraction of the daytime HONO source can be explained 585 for the Melpitz observations.
Impact on the primary OH sources
HONO serves as an important primary source of OH during daytime in the troposphere (Kleffmann et al., 2005; Villena et al., 2011; Kanaya et al., 2007) and Seiler et al. (2012) reported that the HONO is almost the only source of OH radicals in the early morning. The 590 morning peak of HONO is mainly released from the dew evaporation and could imply a strong supply of OH radicals and hence enhances atmospheric oxidizing capacity in the atmosphere around Melpitz. Here, the net rate of OH radical from the HONO photolysis was calculated and compared with that from ozone photolysis (reaction 11-13 in Table S1 ), which https://doi.org/10.5194/acp-2019-1088 Preprint. Discussion started: 30 January 2020 c Author(s) 2020. CC BY 4.0 License.
is typically proposed as the major OH radical source in the atmosphere where water vapor is 595 not limiting.
Other OH sources, such as photolysis of oxidized VOCs, peroxides and ozonolysis of unsaturated VOCs were not considered due to the lack of measurement data for these radical precursors. The net rate of OH production from HONO photolysis (PHONO) was calculated by the source strength subtracting the sink terms due to reactions (3) and (10) ( Table S1 ). The 600 OH production rate (PO3) from O3 photolysis can be calculated by using the method proposed by Su et al. (2008) and (Li et al., 2018 ) (Eq. 18)
Where J(O 1 D) was obtained from the TUV model, the temperature dependence of k12 and k13 605 were taken from JPL/NASA Evaluation Number 18 (Burkholder et al., 2015) . As shown in Figure 9 , the photolysis of HONO produced similar amounts of OH compared with photolysis of ozone at the mean daytime (9:00-14:00, UTC), as (7.2±2.0)×10 5 molecule cm -3 s -1 . PO3 was, as expected, highest during the highest J values and negligible at the sunrise and sunset.
PHONO had a similar trend after the noontime but presented a strong OH production around 610 7:00 (UTC) due to the HONO morning peak from the dew water evaporation process. These results demonstrate the significant role of HONO in the atmospheric oxidizing capacity, especially for areas that are rich of ground surface (forest and grass). In addition, the OH concentration calculated from the global radiation flux measurement was also shown in yellow color of Figure 9 . The different trend of calculated OH concentration compared with 615 PHONO indicate that the morning OH concentration could be highly underestimated.
Conclusion and Atmospheric Implications
The inter-comparison of MARGA and LOPAP for the HONO measurement was applied from 19 to 29 April 2018 at the Melpitz site. Higher HONO concentrations (~58%) were obtained from MARGA compared with that of LOPAP caused by heterogeneous reactions within the 620 MARGA WRD or potential sampling inlet artefact. However, the diurnal cycles of HONO concentrations were captured by both instruments.
The dew water NO2concentration per m 2 of glass sampler surface was determined to be 7.83-9.43 μg m -2 . Thus, HONO gradient from dew water evaporation could be calculated and ranged from 1234.1±161.9 to 41.1±5.4 pptv for mixing height of 20 to 600 m, respectively. 625
Well-defined diurnal cycles of HONO with concentration peaks in the early morning and in the evening were found. High time resolution of HONO measurements revealed (i) the vehicle emission is a negligible HONO source at the Melpitz site; (ii) HONO formed from the heterogeneous reaction NO2 on the ground surface is the dominant nighttime source with a https://doi.org/10.5194/acp-2019-1088 Preprint. Discussion started: 30 January 2020 c Author(s) 2020. CC BY 4.0 License. high NO2-HONO conversion frequency of 0.027±0.017 h -1 ; (iii) significant amounts of 630 HONO (966±732 pptv) deposited to the ground surface at night. The accurate observations of HONO and NO2 allowed direct evaluation of the ground uptake coefficients for these species at night: γNO2→HONO_g = 2.2±1.4 ×10 -5 , γHONO,ground = 12.2±4.6. The ground uptake coefficient of NO2 is within the ranges of laboratory and model coefficients, but ground uptake coefficient of HONO is several magnitude higher than other study (VandenBoer et al., 2013) , 635 which requires further exploration from controlled lab studies.
A chemical model utilizing observational constraints on the HONO chemical system based on known sources and sinks support the hypothesis that dew water on the ground surface, especially on leaf surfaces, behave as a sink at night and a temporary reservoir for atmospheric HONO in the morning. The dew evaporation had a negative relationship with the 640 RH in the atmosphere and, hence, the HONO emission rate was estimated to be 0.016±0.014 pptv % -1 s -1 dependent on the RH after sunrise (start from 4:00, UTC, during this campaign period). Furthermore, the formation and evaporation of dew on the ground surface influence significantly the air-surface exchange of HONO and, thus, its temporal distributions in the atmospheric boundary layer in the morning and night. The OH production rate from the 645 photolysis of HONO compared with that from photolysis of O3 showed that this dew emission of HONO can strongly enhance the OH reactivity throughout morning time and, hence, plays a vital role in the atmospheric oxidation. Furthermore, the observed NH3 and HNO3 had a similar morning behavior suggesting that some amounts of NH3 and HNO3 deposited in dew overnight are emitted during evaporation shortly after sunrise as well. Once the dew water has 650 completely evaporated, their atmospheric mixing ratios either plateau or decrease. 
